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Abstract
We reanalyze the proton decay in the minimal SU(5) SUGRA GUT
model. Unlike previous analyses, we take into account a Higgsino dressing
diagram of dimension 5 operator with right-handed matter fields (RRRR
operator). It is shown that this diagram gives a dominant contribution for
p→ K+ντ over that from LLLL operator, and decay rate of this mode can
be comparable with that of p → K+νµ which is dominated by the LLLL
contribution. It is found that we cannot reduce both the decay rate of p→
K+ντ and that of p→ K+νµ simultaneously by adjusting relative phases
between Yukawa couplings at colored Higgs interactions. Constraints on
the colored Higgs mass MC and a typical squark and slepton mass mf˜
from Super-Kamiokande limit become considerably stronger due to the
Higgsino dressing diagram of the RRRR operator: MC > 6.5× 1016GeV
for mf˜ < 1TeV, and mf˜ > 2.5TeV for MC < 2.5× 1016GeV.
1 Introduction
The gauge coupling unification around MX ∼ 2 × 1016GeV [1] strongly suggests
the supersymmetric grand unified theory (SUSY GUT) [2]. In this model, the gauge
hierarchy problem is naturally solved by supersymmetry. Also, this model makes
successful predictions for the charge quantization and the bottom-tau mass ratio.
Proton decay is one of the direct consequences of grand unification. The main decay
mode p→ K+ν [3,4] in the minimal SU(5) supergravity (SUGRA) GUT model [5] has
been searched for with the underground experiments [6, 7], and the previous results
have already imposed severe constraints on this model. Recently new results of the
proton decay search at Super-Kamiokande have been reported [8]. The bound on the
partial lifetime of the K+ν mode is τ(p→ K+ν) > 5.5×1032 years (90% C.L.), where
three neutrinos are not distinguished.
There are a number of detailed analyses on the nucleon decay in the minimal
SU(5) SUGRA GUT model [3, 4, 9–13]. In the previous analyses, it is believed that
contribution from dimension 5 operator with left-handed matter fields (LLLL oper-
ator) is dominant for p → K+ν [4]. In particular a Higgsino dressing diagram of
RRRR operator has been ignored in these analyses. It has been concluded that the
main decay mode is p→ K+νµ [3], and the decay rate of this mode can be suppressed
sufficiently by adjusting relative phases between Yukawa couplings at colored Higgs
interactions [10]. Recently it has been pointed out that the Higgsino dressing diagram
of the RRRR operator gives a significant contribution to p → K+ντ in a large tan β
region in the context of a SUSY SO(10) GUT model [14].
In this paper, we reanalyze the proton decay including the RRRR operator in
the minimal SU(5) SUGRA GUT model. We calculate all the dressing diagrams [10]
(exchanging the charginos, the neutralinos and the gluino) of the LLLL and RRRR
operators, taking account of various mixing effects among the SUSY particles, such
as flavor mixing of quarks and squarks, left-right mixing of squarks and sleptons, and
gaugino-Higgsino mixing of charginos and neutralinos. For this purpose we diago-
nalize mass matrices numerically to obtain the mixing factors at ‘ino’ vertices and
the dimension 5 couplings. We examine the effect of the relative phases between the
Yukawa couplings at the colored Higgs interactions. We show that the Higgsino dress-
ing diagram of the RRRR operator gives a dominant contribution for p→ K+ντ , and
the decay rate of this mode can be comparable with that of p → K+νµ which is
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dominated by the LLLL contribution. We find that we cannot reduce both the decay
rate of p → K+ντ and that of p → K+νµ simultaneously by adjusting the relative
phases. We obtain constraints on the colored Higgs mass and the typical mass scale
of squarks and sleptons under the updated Super-Kamiokande bound, and find that
these constraints are much stronger than that derived from the analysis neglecting
the RRRR effect.
This paper is organized as follows. In Section 2, we descibe the dimension 5 oper-
ators in the minimal SU(5) SUGRA GUT and briefly sketch our scheme to calculate
the proton decay rates. We give a qualitative discussion on the RRRR contribution
in Section 3. We present results of our numerical calculation and discuss constraints
on this model in Section 4. Formulas used in the calculation of the nucleon decay
rates are summarized in Appendix A.
2 Dimension 5 operators in the minimal SU(5) SUGRA
GUT
Nucleon decay in the minimal SU(5) SUGRA GUT model is dominantly caused by
dimension 5 operators [9], which are generated by the exchange of the colored Higgs
multiplet. The dimension 5 operators relevant to the nucleon decay are described by
the following superpotential:
W5 = − 1
MC
{
1
2
C ijkl5L QkQlQiLj + C
ijkl
5R E
c
kU
c
l U
c
iD
c
j
}
. (1)
Here Q, U c and Ec are chiral superfields which contain a left-handed quark doublet,
a charge conjugation of a right-handed up-type quark, and a charge conjugation of a
right-handed charged lepton, respectively, and are embedded in the 10 representation
of SU(5). The chiral superfields L and Dc contain a left-handed lepton doublet and a
charge conjugation of a right-handed down-type quark, respectively, and are embedded
in the 5 representation. A mass of the colored Higgs superfields is denoted by MC .
The indices i, j, k, l = 1, 2, 3 are generation labels. The first term in Eq. (1) represents
LLLL operator [4] which contains only left-handed SU(2) doublets. The second term
in Eq. (1) represents RRRR operator which contains only right-handed SU(2) singlets.
The coefficients C5L and C5R in Eq. (1) are determined by Yukawa coupling matrices
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[10]. Approximately these are written as
C ijkl5L
∣∣∣
X
≈ (YD)ij(V TPYUV )kl,
C ijkl5R
∣∣∣
X
≈ (P ∗V ∗YD)ij(V TYU)kl, (2)
where YU and YD are diagonalized Yukawa coupling matrices for 10 · 10 · 5H and
10 · 5 · 5H interactions, respectively. More precise expressions for C5L and C5R are
given in Appendix A. The unitary matrix V is the CKM matrix at the GUT scale.
The matrix P = diag(P1, P2, P3) is a diagonal unimodular phase matrix with |Pi| = 1
and detP = 1. We parametrize P as
P1/P3 = e
iφ13 , P2/P3 = e
iφ23 . (3)
The parameters φ13 and φ23 are relative phases between the Yukawa couplings at the
colored Higgs interactions, and cannot be removed by field redefinitions [15]. The
expressions for C5L and C5R in Eq. (2) are written in the flavor basis where the
Yukawa coupling matrix for the 10 · 5 · 5H interaction is diagonalized at the GUT
scale. Numerical values of YU , YD and V at the GUT scale are calculated from the
quark masses and the CKM matrix at the electroweak scale using renormalization
group equations (RGEs).
In the minimal SU(5) SUGRA GUT, soft SUSY breaking parameters at the Planck
scale are described by m0, MgX and AX which denote universal scalar mass, universal
gaugino mass, and universal coefficient of the trilinear scalar couplings, respectively.
Low energy values of the soft breaking parameters are determined by solving the
one-loop RGEs [16]. The electroweak symmetry is broken radiatively [17] due to the
effect of a large Yukawa coupling of the top quark, and we require that the correct
vacuum expectation values of the Higgs fields at the electroweak scale are reproduced.
We ignore RGE running effects between the Planck scale and the GUT scale for
simplicity. In this approximation the phase matrix P decouples from the RGEs of
the soft SUSY breaking parameters. Thus we have all the values of the parameters at
the electroweak scale. The masses and the mixings are obtained by diagonalizing the
mass matrices numerically. We evaluate hadronic matrix elements using the chiral
Lagrangian method [18]. The parameters αp and βp defined by 〈0|ǫaˆbˆcˆ(daˆRubˆR)ucˆL|p〉 =
αpNL and 〈0|ǫaˆbˆcˆ(daˆLubˆL)ucˆL|p〉 = βpNL (NL is a left-handed proton’s wave function) are
evaluated as 0.003GeV3 ≤ βp ≤ 0.03GeV3 and αp = −βp by various methods [19]. We
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use the smallest value βp = −αp = 0.003GeV3 in our analysis to obtain conservative
bounds. For the details of the methods of our analysis, see Ref. [13,14]. Formulas for
relevant interactions and the nucleon decay rates are given in Appendix A.
3 RRRR contribution to the proton decay
The dimension 5 operators consist of two fermions and two bosons. Eliminating
the two scalar bosons by the gaugino or Higgsino exchange (dressing), we obtain
the four-fermion interactions which cause the nucleon decay [4, 10]. In the one-loop
calculations of the dressing diagrams, we include all the dressing diagrams exchanging
the charginos, the neutralinos and the gluino of the LLLL and RRRR dimension 5
operators. In addition to the contributions from the dimension 5 operators, we include
the contributions from dimension 6 operators mediated by the heavy gauge boson and
the colored Higgs boson. Though the effects of the dimension 6 operators (∼ 1/M2X)
are negligibly small for p → K+ν, these could be important for other decay modes
such as p → π0e+. The major contribution of the LLLL operator comes from an
ordinary diagram with wino dressing. The major contribution of the RRRR operator
arises from a Higgsino dressing diagram depicted in Fig. 1. The circle in this figure
represents the complex conjugation of C ijkl5R in Eq. (2) with i = j = 1 and k = l = 3.
This diagram contains the Yukawa couplings of the top quark and the tau lepton.
Importance of this diagram has already been pointed out in Ref. [14] in the context
of a SUSY SO(10) GUT model. This diagram has been ignored in previous analyses
in the minimal SU(5) SUSY GUT [3,4,9–13], though the contributions from gaugino
dressing of the RRRR operator were included in Ref. [10]. We show that this diagram
indeed gives a significant contribution in the case of the minimal SU(5) SUGRA GUT
model also.
Before we proceed to present results of our numerical calculations, we give a rough
estimation for the decay amplitudes for a qualitative understanding of the results. In
the actual calculations, however, we make full numerical analyses including contribu-
tions from all the dressing diagrams as well as those from dimension six operators.
We also take account of various effects such as mixings between the SUSY particles.
Besides the soft breaking parameter dependence arising from the loop calculations,
relative magnitudes between various contributions can be roughly understood by the
form of the dimension 5 operator in Eq. (2). Counting the CKM suppression factors
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and the Yukawa coupling factors, it is easily shown that the RRRR contribution to
the four-fermion operators (uRdR)(sLντL) and (uRsR)(dLντL) is dominated by a sin-
gle (Higgsino dressing) diagram exchanging t˜R (the right-handed scalar top quark)
and τ˜R (the right-handed scalar tau lepton). For K
+νµ and K
+νe, the RRRR con-
tribution is negligible, since it is impossible to get a large Yukawa coupling of the
third-generation without small CKM suppression factors in this case. The LLLL con-
tribution to (uLdL)(sLνiL) and (uLsL)(dLνiL) consists of two classes of (wino dressing)
diagrams; they are c˜L exchange diagrams and t˜L exchange diagrams [10]. Neglecting
all of various subleading effects, we can write the amplitudes (the coefficients of the
four-fermion operators) for p→ K+νi as,
Amp.(p→ K+νe) ∼ [P2Ae(c˜L) + P3Ae(t˜L)]LLLL,
Amp.(p→ K+νµ) ∼ [P2Aµ(c˜L) + P3Aµ(t˜L)]LLLL,
Amp.(p→ K+ντ ) ∼ [P2Aτ (c˜L) + P3Aτ (t˜L)]LLLL + [P1Aτ (t˜R)]RRRR, (4)
where the subscript LLLL (RRRR) represents the contribution from the LLLL
(RRRR) operator. We estimate Ai by only the (ud)(sν) type contributions here
for simplicity, ignoring the (us)(dν) type contributions. The LLLL contributions for
Aτ can be written in a rough approximation as Aτ (c˜L) ∼ g22YcYbV ∗ubVcdVcsM2/(MCm2f˜)
and Aτ (t˜L) ∼ g22YtYbV ∗ubVtdVtsM2/(MCm2f˜ ), where g2 is the weak SU(2) gauge cou-
pling, and M2 is a mass of the wino. A typical mass scale of the squarks and the
sleptons is denoted by mf˜ . For Aµ and Ae, we just replace YbV
∗
ub in the expressions
for Aτ by YsV
∗
us and YdV
∗
ud, respectively. The RRRR contribution is also evaluated as
Aτ (t˜R) ∼ YdY 2t YτV ∗tbVudVtsµ/(MCm2f˜ ), where µ is the supersymmetric Higgsino mass.
The magnitude of µ is determined from the radiative electroweak symmetry breaking
condition, and satisfies |µ| > |M2| in the present scenario.
Relative magnitudes between these contributions are evaluated as follows. The
magnitude of the c˜L contribution is comparable with that of the t˜L contribution
for each generation mode: |Ai(c˜L)| ∼ |Ai(t˜L)|. Therefore, cancellations between the
LLLL contributions P2Ai(c˜L) and P3Ai(t˜L) can occur simultaneously for three modes
p → K+νi (i = e, µ and τ) by adjusting the relative phase φ23 between P2 and
P3 [10]. The magnitudes of the LLLL contributions satisfy |P2Aµ(c˜L) + P3Aµ(t˜L)|
> |P2Aτ (c˜L) + P3Aτ (t˜L)| > |P2Ae(c˜L) + P3Ae(t˜L)| independent of φ23. On the other
hand, the magnitude of Aτ (t˜R) is larger than those of Ai(c˜L) and Ai(t˜L), and the
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phase dependence of P1Aτ (t˜R) is different from those of P2Ai(c˜L) and P3Ai(t˜L). Note
that Ai(c˜L) and Ai(t˜L) are proportional to ∼ 1/(sin β cos β) = tan β +1/ tanβ, while
Aτ (t˜R) is proportional to ∼ (tanβ+1/ tanβ)2, where tan β is the ratio of the vacuum
expectation values of the two Higgs bosons. Hence the RRRR contribution is more
enhanced than the LLLL contributions for large tan β [14].
4 Numerical results
Now we present the results of our numerical calculations. For the CKM matrix we
adopt the standard parametrization [20], and we fix the parameters as Vus = 0.2196,
Vcb = 0.0395, |Vub/Vcb| = 0.08 and δ13 = 90◦ in the whole analysis, where δ13 is a
complex phase in the CKM matrix. The top quark mass is taken to be 175 GeV [21].
The colored Higgs mass MC and the heavy gauge boson mass MV are assumed as
MC = MV = 2 × 1016GeV. We require constraint on b → sγ branching ratio from
CLEO [22] and bounds on SUSY particle masses obtained from direct searches at
LEP [23], LEP II [24] and Tevatron [25]. We also impose condition to avoid color and
charge breaking vacua which is given in Ref. [26] at the electroweak scale.
We mainly discuss the main decay mode p→ K+ν in this paper. We first discuss
the effects of the phases φ13 and φ23 parametrizing the matrix P in Eq. (3). In Fig. 2
we present the dependence of the decay rates Γ(p → K+νi) on the phase φ23. As
an illustration we fix the other phase φ13 at 210
◦, and later we consider the whole
parameter space of φ13 and φ23. The soft SUSY breaking parameters are also fixed
as m0 = 1TeV, MgX = 125GeV and AX = 0 here. The sign of the Higgsino mass µ
is taken to be positive. With these parameters, all the masses of the scalar fermions
other than the lighter t˜ are around 1 TeV, and the mass of the lighter t˜ is about 400
GeV. The lighter chargino is wino-like with a mass about 100 GeV. This figure shows
that there is no region for the total decay rate Γ(p→ K+ν) to be strongly suppressed,
thus the whole region of φ23 in Fig. 2 is excluded by the Super-Kamiokande limit. The
phase dependence of Γ(p→ K+ντ ) is quite different from those of Γ(p→ K+νµ) and
Γ(p → K+νe). Though Γ(p → K+νµ) and Γ(p → K+νe) are highly suppressed
around φ23 ∼ 160◦, Γ(p→ K+ντ ) is not so in this region. There exists also the region
φ23 ∼ 300◦ where Γ(p → K+ντ ) is reduced. In this region, however, Γ(p → K+νµ)
and Γ(p → K+νe) are not suppressed in turn. Note also that the K+ντ mode can
give the largest contribution.
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This behavior can be understood as follows. For νµ and νe, the effect of the RRRR
operator is negligible, and the cancellation between the LLLL contributions directly
leads to the suppression of the decay rates. This cancellation indeed occurs around
φ23 ∼ 160◦ for both νµ and νe simultaneously in Fig. 2. For ντ , the situation is quite
different. The similar cancellation between P2Aτ (c˜L) and P3Aτ (t˜L) takes place around
φ23 ∼ 160◦ for ντ also. However, the RRRR operator gives a significant contribution
for ντ . Therefore, Γ(p → K+ντ ) is not suppressed by the cancellation between the
LLLL contributions in the presence of the large RRRR operator effect. Notice that
it is possible to reduce Γ(p → K+ντ ) by another cancellation between the LLLL
contributions and the RRRR contribution. This reduction of Γ(p → K+ντ ) indeed
appears around φ23 ∼ 300◦ in Fig. 2. The decay rate Γ(p → K+νµ) is rather large
in this region. The reason is that P2Aτ (c˜L) and P3Aτ (t˜L) are constructive in this
region in order to cooperate with each other to cancel the large RRRR contribution
P1Aτ (t˜R), hence P2Aµ(c˜L) and P3Aµ(t˜L) are also constructive in this region. Thus we
cannot reduce both Γ(p → K+ντ ) and Γ(p → K+νµ) simultaneously. Consequently,
there is no region for the total decay rate Γ(p→ K+ν) to be strongly suppressed. In
the previous analysis [12] the region φ23 ∼ 160◦ has been considered to be allowed by
the Kamiokande limit τ(p → K+ν) > 1.0 × 1032 years (90% C.L.) [6]. However the
inclusion of the Higgsino dressing of the RRRR operator excludes this region. In Fig. 3
we show a contour plot of the partial lifetime τ(p→ K+ν) in the φ13-φ23 plane. It is
found that there is no region to make τ(p→ K+ν) longer than 0.5× 1032 years. This
implies that we cannot reduce both Γ(p→ K+ντ ) and Γ(p→ K+νµ) simultaneously,
even if we adjust the two phases φ13 and φ23 anywhere. Consequently, the whole
parameter region in this plane is excluded by the Super-Kamiokande result.
Next we would like to consider the case where we vary the parameters we have
fixed so far. The relevant parameters are the colored Higgs mass MC , the soft SUSY
breaking parameters and tan β. As for the constants αp and βp in the hadronic
matrix elements, we have chosen the smallest value [19]. Hence other choices of these
constants lead to enhancement of the proton decay rate which corresponds to severer
constraints on this model. The partial lifetime τ(p → K+ν) is proportional to M2C
in a very good approximation, since this mode is dominated by the dimension 5
operators. Using this fact and the calculated value of τ(p → K+ν) for the fixed MC
= 2 × 1016GeV, we can obtain the lower bound on MC from the experimental lower
limit on τ(p→ K+ν). In Fig. 4, we present the lower bound onMC obtained from the
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Super-Kamiokande limit as a function of the left-handed scalar up-quark mass mu˜L.
Masses of the scalar fermions other than the lighter t˜ are almost degenerate with
mu˜L . The soft breaking parameters m0, MgX and AX are scanned within the range of
0 < m0 < 3TeV, 0 < MgX < 1TeV and −5 < AX < 5, and tanβ is fixed at 2.5. Both
signs of µ are considered. The whole parameter region of the two phases φ13 and φ23
is examined. The solid curve in this figure represents the result with all the LLLL
and RRRR contributions. It is shown that the lower bound on MC decreases like ∼
1/mu˜L asmu˜L increases. This indicates that the RRRR effect is indeed relevant, since
the decay amplitude from the RRRR operator is roughly proportional to µ/(MCm
2
f˜
)
∼ 1/(MCmf˜), where we use the fact that the magnitude of µ is determined from
the radiative electroweak symmetry breaking condition and scales like µ ∼ mf˜ . The
dashed curve in Fig. 4 represents the result in the case where we ignore the RRRR
effect. In this case the lower bound on MC behaves as ∼ 1/m2u˜L, since the LLLL
contribution is proportional to M2/(MCm
2
f˜
).
It is found from the solid curve in Fig. 4 that the colored Higgs mass MC must be
larger than 6.5×1016GeV for tanβ = 2.5 when the typical sfermion mass is less than
1TeV. On the other hand, it has been pointed out that there exists an upper bound
on MC given by MC ≤ 2.5 × 1016GeV (90% C.L.) if we require the gauge coupling
unification in the minimal contents of GUT superfields [12]. This upper bound is
smaller than the lower bound derived from our proton decay analysis. Therefore it
turns out that the minimal SU(5) SUGRA GUT model with the sfermion masses
less than 1TeV is excluded for tanβ = 2.5. Note that the inclusion of the RRRR
effect is essential here. If we ignored the RRRR effect, we could find allowed region
around 1.2 × 1016GeV <∼ MC <∼ 2.5 × 1016GeV. We can also see from Fig. 4 that
the typical sfermion mass mf˜ must be larger than about 2.5TeV when MC is less
than 2.5 × 1016GeV in the tan β = 2.5 case. The RRRR effect plays an essential
role again, since the lower bound on mf˜ would be 700GeV if the RRRR effect were
ignored. We also find that the Kamiokande limit on the neutron partial lifetime
τ(n → K0ν) > 0.86 × 1032 years (90% C.L.) [6] already gives a comparable bound
with that derived here from the Super-Kamiokande limit on τ(p → K+ν), as shown
by the dash-dotted curve in Fig. 4. If the Super-Kamiokande updates the neutron
limit from the Kamiokande, for example, by factor 5, then the lower bound on MC
will become
√
5 times larger than that derived from the Kamiokande limit.
Let us discuss the tan β dependence. Fig. 5 shows the lower bound on the colored
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Higgs mass MC obtained from the Super-Kamiokande limit as a function of tan β.
Here we vary m0, MgX , AX and sign(µ) as in Fig. 4. The phases φ13 and φ23 are fixed
as φ13 = 210
◦ and φ23 = 150◦. The result does not change much even if we take other
values of φ13 and φ23. The region below the solid curve is excluded if mu˜L is less than
1TeV. The lower bound reduces to the dashed curve if we allow mu˜L up to 3TeV.
It is shown that the lower bound on MC behaves as ∼ tan2 β in a large tan β region,
as expected from the fact that the amplitude of p→ K+ντ from the RRRR operator
is roughly proportional to ∼ tan2 β/MC . On the other hand the LLLL contribution
is proportional to ∼ tanβ/MC , as shown by the dotted curve in Fig. 5. Thus the
RRRR operator is dominant for large tanβ [14]. Note that the lower bound on MC
has the minimum at tan β ≈ 2.5. Thus we can conclude that for other value of tan β
the constraints on MC and mf˜ become severer than those shown in Fig. 4.
Finally, we comment on the other decay modes. For p→ π+ν, we obtain a similar
result with that for the p → K+ν mode: the third-generation mode p → π+ντ is
dominated by the RRRR effect, while the RRRR effect is negligible for the first and
the second generation modes. Let us define ri = Γ(p → π+νi)/Γ(p→ K+νi) for i =
e, µ and τ . We see that rµ > 1 is realized in a part of the φ13-φ23 parameter region
where p → K+νµ mode is suppressed due to the cancellation between the LLLL
contributions. This result is consistent with that given in the previous analysis [10].
As for the ντ mode, rτ > 1 is also possible in a different region where Γ(p→ K+ντ ) is
reduced. Consequently the ratio r = {∑i Γ(p→ π+νi)}/{∑i Γ(p→ K+νi)} is smaller
than 1 in the whole region of the φ13-φ23 space. Moreover it has been reported that
the lattice calculation of the hadronic matrix elements [27] gives a smaller value of the
ratio 〈π|O6B|p〉/〈K|O6B|p〉 than the chiral Lagrangian estimation, where O6B denotes
the baryon number violating operators. Hence it follows that the ratio r is expected
to be smaller when we use the lattice result for the hadronic matrix element. For the
charged lepton mode p → Mℓ+ (M = K0, π0, η and ℓ = e, µ), effect of the RRRR
operator is quite small, since we cannot have the tau lepton in the final state.
5 Conclusions
We have reanalyzed the proton decay including the RRRR dimension 5 operator
in the minimal SU(5) SUGRA GUT model. We have shown that the Higgsino dressing
diagram of the RRRR operator gives a dominant contribution for p → K+ντ , and
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the decay rate of this mode can be comparable with that of p → K+νµ. We have
found that we cannot reduce both the decay rate of p→ K+ντ and that of p→ K+νµ
simultaneously by adjusting the relative phases φ13 and φ23 between the Yukawa
couplings at the colored Higgs interactions. We have obtained the bounds on the
colored Higgs mass MC and the typical sfermion mass mf˜ from the new limit on
τ(p → K+ν) given by the Super-Kamiokande. The colored Higgs mass MC must be
larger than 6.5 × 1016GeV when mf˜ is less than 1TeV. The typical sfermion mass
mf˜ must be larger than 2.5TeV when MC is less than 2.5× 1016GeV.
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Appendix A Formulas for the calculation of the
nucleon decay
In this appendix, we summarize the formulas used in the calculation of the partial
decay widths of the nucleon in the minimal SU(5) SUGRA GUT in order to clarify
our notations and conventions. In the subsection A.1, generic formulas for the MSSM
are summarized. The formulas specific to the calculation of the nucleon decay are
given in the subsection A.2.
A.1 MSSM part
A.1.1 Superpotential
Yukawa couplings of the Higgs doublets and matter fields and the supersymmetric
Higgs mass terms are given in the superpotential for the MSSM which is written as
WMSSM = f
ij
DQ
α
i D
c
jH1α + f
ij
U ǫαβQ
α
i U
c
jH
β
2 + f
ij
L ǫ
αβEciLjαH1β + µH1αH
α
2
= f ijD
(
QuiD
c
jH
−
1 +Q
d
iD
c
jH
0
1
)
+ f ijU
(
Qui U
c
jH
0
2 −QdiU cjH+2
)
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+f ijL
(
EciL
e
jH
0
1 − EciLνjH−1
)
+ µ
(
H01H
0
2 +H
−
1 H
+
2
)
, (A.1.1)
where i, j and α, β are generation and SU(2) suffices, respectively. Color indices are
suppressed for simplicity. Components of the SU(2) doublets are denoted as
Qαi =
(
Qui
Qdi
)
, Liα =
(
Lei L
ν
i
)
,
H1α =
(
H−1 H
0
1
)
, Hα2 =
(
H+2
H02
)
. (A.1.2)
We take the generation basis for the superfields so that the Yukawa coupling matrices
(equivalently the mass matrices) for the up-type quarks (fU) and the leptons (fL)
should be diagonal (with real positive diagonal elements) at the electroweak scale. In
this basis, the Yukawa coupling matrix for the down-type quarks fD is written as
fD(mZ) = V
∗
KMfˆD , (A.1.3)
where fˆD is diagonal (real positive) and VKM is the CKM matrix. We take the PDG’s
“standard” phase convention for VKM [20]. The SUSY Higgs mass parameter µ is taken
as real in order to automatically avoid a too-large electric dipole moments (EDMs) of
the neutron and the electron. The sign of µ is taken as a free “parameter”.
A.1.2 Soft SUSY breaking terms
Soft SUSY breaking terms of the MSSM are given as
− Lsoft = (m2Q)i j q˜αi q˜†jα + (m2U) ji u˜†iu˜j + (m2D) ji d˜†id˜j
+(m2L)
j
i l˜
†iα l˜jα + (m
2
E)
i
j e˜ie˜
†j
+∆21h
†α
1 h1α +∆
2
2h
†
2αh
α
2 − (Bµh1αhα2 +H. c. )
+
(
AijU ǫαβ q˜
α
i u˜jh
β
2 + A
ij
Dq˜
α
i d˜jh1α + A
ij
L ǫ
αβ e˜i l˜jαh1β +H. c.
)
+
(
M1
2
B˜B˜ +
M2
2
W˜ W˜ +
M3
2
G˜G˜+H. c.
)
. (A.1.4)
where q˜, d˜, u˜, e˜, l˜, h1 and h2 are scalar components of Q, D
c, U c, Ec, L, H1 and H2,
respectively, and G˜, W˜ and B˜ are SU(3), SU(2) and U(1) gaugino fields, respectively.
The gaugino masses M1, M2 and M3 are taken as real positive.
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In the minimal SUGRA GUT model, the soft SUSY breaking parameters at the
GUT scaleMX are written in terms of the universal soft SUSY breaking parametersm0
(universal scalar mass), MgX (unified gaugino mass), and AX (dimensionless universal
trilinear coupling parameter):
m2Q(MX) = m
2
U(MX) = m
2
D(MX) = m
2
01 , (A.1.5a)
m2L(MX) = m
2
E(MX) = m
2
01 , (A.1.5b)
∆21(MX) = ∆
2
2(MX) = m
2
0 , (A.1.5c)
M1(MX) = M2(MX) = M3(MX) = MgX , (A.1.5d)
AU (MX) = AXm0fU , AD(MX) = AXm0fD , (A.1.5e)
AL(MX) = AXm0fL , (A.1.5f)
where 1 is a 3 × 3 unit matrix in the generation space. We take AX as real (with
either sign) to avoid large EDMs.
A.1.3 Mass matrices
Mass matrices for squarks and sleptons are given as follows.
• up-type squark:
M2
u˜
=
(
m2LL(u˜) m
2
LR(u˜)
m2RL(u˜) m
2
RR(u˜)
)
, (A.1.6a)
m2LL(u˜) = v
2s2βfUf
†
U +m
2
Q +m
2
Zc2β
(
1
2
− 2
3
s2W
)
1 , (A.1.6b)
m2RR(u˜) = v
2s2βf
†
UfU +m
2
U +m
2
Zc2β
(
2
3
s2W
)
1 , (A.1.6c)
m2LR(u˜) = µ
∗fUvcβ + AUvsβ , (A.1.6d)
m2RL(u˜) = m
2†
LR(u˜) , (A.1.6e)
• down-type squark:
M2
d˜
=
(
m2LL(d˜) m
2
LR(d˜)
m2RL(d˜) m
2
RR(d˜)
)
, (A.1.7a)
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m2LL(d˜) = v
2c2βfDf
†
D +m
2
Q +m
2
Zc2β
(
−1
2
+
1
3
s2W
)
1 , (A.1.7b)
m2RR(d˜) = v
2c2βf
†
DfD +m
2
D +m
2
Zc2β
(
−1
3
s2W
)
1 , (A.1.7c)
m2LR(d˜) = µ
∗fDvsβ + ADvcβ , (A.1.7d)
m2RL(d˜) = m
2†
LR(d˜) , (A.1.7e)
• charged slepton:
M2
l˜
=
(
m2LL(l˜) m
2
LR(l˜)
m2RL(l˜) m
2
RR(l˜)
)
, (A.1.8a)
m2LL(l˜) = v
2c2βf
†
LfL +m
2
L +m
2
Zc2β
(
−1
2
+ s2W
)
1 , (A.1.8b)
m2RR(l˜) = v
2c2βfLf
†
L +m
2
E +m
2
Zc2β
(
−s2W
)
1 , (A.1.8c)
m2RL(l˜) = µ
∗fLvsβ + ALvcβ , (A.1.8d)
m2LR(l˜) = m
2†
LR(l˜) , (A.1.8e)
• sneutrino:
M2
ν˜
= m2L +m
2
Zc
2
β
(
1
2
)
1 , (A.1.9a)
where cβ = cos β > 0, sβ = sin β > 0, c2β = cos 2β, sW = sin θW and v
2 = 〈h1〉2+〈h2〉2
(v ≈ 174 GeV). The above mass matrices are diagonalized with use of 6 × 6 unitary
matrices U˜U , U˜D and U˜L, and a 3× 3 unitary matrix U˜N , which are defined as
U˜UM2Tu˜ U˜ †U = diagonal(m2u˜I ) , (A.1.10a)
U˜DM2Td˜ U˜
†
D = diagonal(m
2
d˜I
) , (A.1.10b)
U˜ †LM2l˜ U˜L = diagonal(m2l˜I ) , (A.1.10c)
U˜ †NM2ν˜U˜N = diagonal(m2ν˜i) , (A.1.10d)
where T stands for the transpose.
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Mass matrices for charginos (MC) and neutralinos (MN) are given as follows.
MC =
(
M2
√
2mW sβ
−√2mW cβ −µ
)
, (A.1.11a)
MN =

−M1 0 −mZsW cβ mZsWsβ
0 −M2 mZcW cβ −mZcWsβ
−mZsW cβ mZcW cβ 0 µ
mZsW sβ −mZcW sβ µ 0
 . (A.1.11b)
MC and MN are diagonalized with 2 × 2 unitary matrices U± and a 4 × 4 unitary
matrix UN , respectively, which are defined as
− U †−MCU+ = diagonal(MαC) , (A.1.12a)
UTNMNUN = diagonal(MαN ) , (A.1.12b)
where all mass eigenvalues MαC (α = 1, 2) and M
α
N (α = 1, 2, 3, 4) are taken as real
positive.
A.1.4 Interaction Lagrangian in mass basis
The quark (lepton) – squark (slepton) – ino (gluino, chargino, neutralino) interaction
terms are given as follows.
Lint = Lint(G˜) + Lint(χ±) + Lint(χ0) ,
Lint(G˜) = −i
√
2g3d˜
∗IG˜
[(
Γ
(d)
GL
)j
I
L+
(
Γ
(d)
GR
)j
I
R
]
dj
−i
√
2g3u˜
∗IG˜
[(
Γ
(u)
GL
)j
I
L +
(
Γ
(u)
GR
)j
I
R
]
uj +H. c. , (A.1.13a)
Lint(χ±) = g2χ−α
[(
Γ
(d)
CL
)αj
I
L +
(
Γ
(d)
CR
)αj
I
R
]
dju˜
∗I
+g2χ
+
α
[(
Γ
(u)
CL
)αj
I
L +
(
Γ
(u)
CR
)αj
I
R
]
ujd˜
∗I
+g2χ
−
α
[(
Γ
(l)
CL
)αj
i
L +
(
Γ
(l)
CR
)αj
i
R
]
lj ν˜
∗i
+g2χ
+
α
(
Γ
(ν)
CL
)αj
I
Lνj l˜
∗I +H. c. , (A.1.13b)
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Lint(χ0) = g2χ0α
[(
Γ
(d)
NL
)αj
I
L+
(
Γ
(d)
NR
)αj
I
R
]
djd˜
∗I
+g2χ
0
α
[(
Γ
(u)
NL
)αj
I
L+
(
Γ
(u)
NR
)αj
I
R
]
uju˜
∗I
+g2χ
0
α
[(
Γ
(l)
NL
)αj
I
L+
(
Γ
(l)
NR
)αj
I
R
]
lj l˜
∗I
+g2χ
0
α
(
Γ
(ν)
NL
)αj
i
Lνj ν˜
∗i +H. c. , (A.1.13c)
where L = 1
2
(1−γ5) and R = 12(1+γ5), g2 and g3 are SU(2) and SU(3) gauge coupling
constants, respectively. Here and hereafter, G˜, χ±α , χ
0
α, u˜I , d˜I , l˜I , ν˜i, ui, di, li and
νi denote gluino, chargino, neutralino, up-type squark, down-type squark, charged
slepton, sneutrino, up-type quark, down-type quark, charged lepton and neutrino
fields in mass basis, respectively. Ranges of the suffices are I = 1, 2, · · · , 6 (squarks
and charged sleptons), i, j, k = 1, 2, 3 (quarks, leptons and sneutrinos), α = 1, 2
(charginos) and α = 1, 2, 3, 4 (neutralinos). Mixing factors at each vertex are written
in terms of the mass-diagonalizing matrices U˜U , U˜D, U˜L, U˜N , U± and UN as follows.
• gluino:
(
Γ
(d)
GL
)j
I
=
3∑
k=1
(
U˜D
) k
I
(VKM)
j
k , (A.1.14a)
(
Γ
(d)
GR
)j
I
=
(
U˜D
) j+3
I
, (A.1.14b)
(
Γ
(u)
GL
)j
I
=
(
U˜U
) j
I
, (A.1.14c)
(
Γ
(u)
GR
)j
I
=
(
U˜U
) j+3
I
, (A.1.14d)
• chargino:
(
Γ
(d)
CL
)αj
I
=
3∑
k=1
{(
U˜U
) k
I
(U+)
α
1
+
(
U˜U
) k+3
I
m
(u)
k√
2mW sβ
(U+)
α
2
}
(VKM)
j
k , (A.1.15a)
(
Γ
(d)
CR
)αj
I
= −
3∑
k=1
(
U˜U
) k
I
(VKM)
j
k
m
(d)
j√
2mW cβ
(U−)
α
2 , (A.1.15b)
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(
Γ
(u)
CL
)αj
I
=
(
U˜D
) j
I
(
U †−
) 1
α
−
3∑
k=1
(
U˜D
) k+3
I
m
(d)
k√
2mW cβ
(
V †KM
) j
k
(
U †−
) 2
α
, (A.1.15c)
(
Γ
(u)
CR
)αj
I
=
(
U˜D
) j
I
m
(u)
j√
2mW sβ
(
U †+
) 2
α
, (A.1.15d)
(
Γ
(l)
CL
)αj
i
= −
(
U˜ †N
) j
i
(U+)
α
1 , (A.1.15e)
(
Γ
(l)
CR
)αj
i
=
m
(l)
j√
2mW cβ
(
U˜ †N
) j
i
(U−)
α
2 , (A.1.15f)
(
Γ
(ν)
CL
)αj
I
= −
(
U˜ †L
) j
I
(
U †−
) 1
α
+
m
(l)
j√
2mW cβ
(
U˜ †L
) j+3
I
(
U †−
) 2
α
, (A.1.15g)
• neutralino:
(
Γ
(d)
NL
)αj
I
=
√
2
[
+
1
2
(UN )
α
2 −
1
6
tW (UN)
α
1
] 3∑
k=1
(
U˜D
) k
I
(VKM)
j
k
− m
(d)
j√
2mW cβ
(UN)
α
3
(
U˜D
) j+3
I
, (A.1.16a)
(
Γ
(d)
NR
)αj
I
=
√
2
[
−1
3
tW
(
U †N
) 1
α
] (
U˜D
) j+3
I
− m
(d)
j√
2mW cβ
(
U †N
) 3
α
3∑
k=1
(
U˜D
) k
I
(VKM)
j
k , (A.1.16b)
(
Γ
(u)
NL
)αj
I
=
√
2
[
−1
2
(UN )
α
2 −
1
6
tW (UN )
α
1
] (
U˜U
) j
I
− m
(u)
j√
2mW sβ
(UN)
α
4
(
U˜U
) j+3
I
, (A.1.16c)
(
Γ
(u)
NR
)αj
I
=
√
2
[
+
2
3
tW
(
U †N
) 2
α
] (
U˜U
) j+3
I
16
− m
(u)
j√
2mW sβ
(
U †N
) 4
α
(
U˜U
) j
I
, (A.1.16d)
(
Γ
(l)
NL
)αj
I
=
√
2
[
1
2
(UN)
α
2 +
1
2
tW (UN )
α
1
] (
U˜ †L
) j
I
− m
(l)
j√
2mW cβ
(UN)
α
3
(
U˜ †L
) j+3
I
, (A.1.16e)
(
Γ
(l)
NR
)αj
I
=
√
2
[
−tW
(
U †N
) 1
α
] (
U˜ †L
) j+3
I
− m
(l)
j√
2mW cβ
(
U †N
) 3
α
(
U˜ †L
) j
I
, (A.1.16f)
(
Γ
(ν)
NL
)αj
i
=
√
2
[
−1
2
(UN )
α
2 +
1
2
tW (UN)
α
1
] (
U˜ †N
) j
i
, (A.1.16g)
where tW = tan θW and m
(u)
i , m
(d)
i and m
(l)
i are masses (real positive) of up-type
quarks, down-type quarks and charged leptons, respectively.
A.2 Formulas specific to the nucleon decay
A.2.1 Dimension five operators
Dimension five operators relevant to the nucleon decay are described by the following
superpotential:
W5 = − 1
MC
{
C ijkl5L
1
2
ǫaˆbˆcˆǫαβQ
aˆα
k Q
bˆβ
l Q
cˆγ
i Ljγ + C
ijkl
5R ǫ
aˆbˆcˆEckU
c
laˆU
c
ibˆ
Dcjcˆ
}
, (A.2.1)
where the suffices aˆ, bˆ, cˆ are color indices. The coefficients C5L and C5R are given at
the GUT scale in terms of the Yukawa coupling matrices:
C ijkl5L (MX) = f
im
D (MX) (VDL)
j
m f
kn
U (MX) (V
†
QU)
l
n , (A.2.2a)
C ijkl5R (MX) = f
mj
D (MX) (VQU)
i
m f
nl
U (MX) (VQE)
k
n , (A.2.2b)
where VQU , VQE and VDL are 3×3 unitary matrices which parametrize the differences
between generation bases of the MSSM superfields embedded in SU(5) superfields
Ψ(10) and Φ(5); i.e., the MSSM multiplets are accomodated into Ψ and Φ as
Ψi ⇐
{
Qi , (VQU)
k
i U
c
k , (VQE)
k
i E
c
k
}
, (A.2.3a)
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Φi ⇐
{
Dci , (VDL)
k
i Lk
}
. (A.2.3b)
VQU , VQE and VDL are determined by the unitary matrices which diagonalize the
Yukawa coupling matrices at MX , and the phase matrix P :
VQU = U
(u)†
Q P
†UU , (A.2.4a)
VQE = U
(d)†
Q UE , (A.2.4b)
VDL = U
†
DUL , (A.2.4c)
where the Yukawa coupling matrices are diagonalized with U ’s as
U
(u)∗
Q fU(MX)U
†
U = YU , (A.2.5a)
U
(d)∗
Q fD(MX)U
†
D = YD , (A.2.5b)
U∗E fL(MX)U
†
L = YL . (A.2.5c)
YU , YD and YL are diagonal matrices with real positive diagonal elements. The CKM
matrix at the GUT scale V ≡ VKM(MX) is also written in terms of U ’s as
V = U
(u)
Q U
(d)†
Q . (A.2.6)
In the present genaration basis described in Sec. A.1.1, U
(u)
Q , UU , UD ≈ 1, U (d)Q ≈ V †KM
and UE = UL = 1. Consequently,
VQU ≈ P † , VQE ≈ VKM ≈ V , VDL ≈ 1 , (A.2.7)
The expressions for C5L,R in Eq. (2) are obtained from Eq. (A.2.2) in this approxima-
tion.
In the component form, the dimension five operators at the electroweak scale are
written as
L5 = 1
MC
ǫaˆbˆcˆ
{
C(u˜d˜ulL)
MNij u˜aˆM d˜
bˆ
N(u
cˆ
LilLj) + C(u˜u˜dlL)
MNij 1
2
u˜aˆM u˜
bˆ
N(d
cˆ
LilLj)
+C(u˜d˜ulR)
MNij u˜aˆM d˜
bˆ
N(u
cˆ
RilRj) + C(u˜u˜dlR)
MNij 1
2
u˜aˆM u˜
bˆ
N(d
cˆ
RilRj)
+C(u˜d˜dνL)
MNiju˜aˆM d˜
bˆ
N(d
cˆ
LiνLj) + C(d˜d˜uνL)
MNij 1
2
d˜aˆM d˜
bˆ
N(u
cˆ
LiνLj)
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+C(u˜l˜udL)
IJklu˜aˆI l˜J(u
bˆ
Lkd
cˆ
Ll) + C(d˜l˜uuL)
IJkl1
2
d˜aˆI l˜J(u
bˆ
Lku
cˆ
Ll)
+C(u˜l˜udR)
IJklu˜aˆI l˜J(u
bˆ
Rkd
cˆ
Rl) + C(d˜l˜uuR)
IJkl1
2
d˜aˆI l˜J(u
bˆ
Rku
cˆ
Rl)
+C(d˜ν˜udL)
Ijkld˜aˆI ν˜j(u
bˆ
Lkd
cˆ
Ll) + C(u˜ν˜ddL)
Ijkl1
2
u˜aˆI ν˜j(d
bˆ
Lkd
cˆ
Ll)
}
,(A.2.8)
where the suffices L,R of the quark/lepton fields denote the chirality. The coefficients
C’s are written in terms of C5L,R as follows.
C(u˜d˜ulL)
MNij =
(
C ijkl5L − Ckjil5L
) (
U˜ †U
) M
k
(
U˜ †D
) N
l
, (A.2.9a)
C(u˜u˜dlL)
MNij =
(
Ckjlm5L − C ljkm5L
) (
U˜ †U
) M
k
(
U˜ †U
) N
l
(VKM)
i
m , (A.2.9b)
C(u˜d˜ulR)
MNij =
(
C∗klji5R − C∗iljk5R
) (
U˜ †U
) M
k+3
(
U˜ †D
) N
l+3
, (A.2.9c)
C(u˜u˜dlR)
MNij =
(
C∗lijk5R − C∗kijl5R
) (
U˜ †U
) M
k+3
(
U˜ †U
) N
l+3
, (A.2.9d)
C(u˜d˜dνL)
MNij =
(
Cmjkl5L − C ljkm5L
) (
U˜ †U
) M
k
(
U˜ †D
) N
l
(VKM)
i
m , (A.2.9e)
C(d˜d˜uνL)
MNij =
(
C ljik5L − Ckjil5L
) (
U˜ †D
) M
k
(
U˜ †D
) N
l
, (A.2.9f)
C(u˜l˜udL)
IJkl =
(
C ijkm5L − Ckjim5L
) (
U˜ †U
) I
i
(
U˜L
) J
j
(VKM)
l
m , (A.2.9g)
C(d˜l˜uuL)
IJkl =
(
Ckjli5L − C ljki5L
) (
U˜ †D
) I
i
(
U˜L
) J
j
, (A.2.9h)
C(u˜l˜udR)
IJkl =
(
C∗klji5R − C∗iljk5R
) (
U˜ †U
) I
i+3
(
U˜L
) J
j+3
, (A.2.9i)
C(d˜l˜uuR)
IJkl =
(
C∗lijk5R − C∗kijl5R
) (
U˜ †D
) I
i+3
(
U˜L
) J
j+3
, (A.2.9j)
C(d˜ν˜udL)
Ijkl =
(
C inkm5L − Cmnki5L
) (
U˜ †D
) I
i
(
U˜N
) j
n
(VKM)
l
m , (A.2.9k)
C(u˜ν˜ddL)
Ijkl =
(
Cqnip5L − Cpniq5L
) (
U˜ †U
) I
i
(
U˜N
) j
n
(VKM)
k
p (VKM)
l
q . (A.2.9l)
C5L and C5R at the electroweak scale are evaluated by solving the renormalization
group equations
(4π)2Λ
d
dΛ
C ijkl5L =
(
−8g23 − 6g22 −
2
3
g21
)
C ijkl5L
19
+Cmjkl5L
(
fDf
†
D + fUf
†
U
)i
m
+ C imkl5L
(
f †LfL
) j
m
+C ijml5L
(
fDf
†
D + fUf
†
U
)k
m
+ C ijkm5L
(
fDf
†
D + fUf
†
U
)l
m
,(A.2.10a)
(4π)2Λ
d
dΛ
C ijkl5R =
(
−8g23 − 4g21
)
C ijkl5R
+Cmjkl5R
(
2 f †UfU
) i
m
+ C imkl5R
(
2 f †DfD
) j
m
+C ijml5R
(
2 fLf
†
L
)k
m
+ C ijkm5R
(
2 f †UfU
) l
m
, (A.2.10b)
where Λ is the renormalization point.
A.2.2 Effective interactions
After the calculation of the one-loop (gluino-, chargino- and neutralino-) dressing
diagrams, effective four-fermi interaction terms relevant to the nucleon decay are
obtained as follows.
L 6B = 1
(4π)2MC
ǫaˆbˆcˆ
{
C˜LL(udul)
ik(uaˆLd
bˆ
Li)(u
cˆ
LlLk) + C˜RL(udul)
ik(uaˆRd
bˆ
Ri)(u
cˆ
LlLk)
+C˜LR(udul)
ik(uaˆLd
bˆ
Li)(u
cˆ
RlRk) + C˜RR(udul)
ik(uaˆRd
bˆ
Ri)(u
cˆ
RlRk)
+C˜LL(uddν)
ijk(uaˆLd
bˆ
Li)(d
cˆ
LjνLk) + C˜RL(uddν)
ijk(uaˆRd
bˆ
Ri)(d
cˆ
LjνLk)
+C˜RL(dduν)
ijk1
2
(daˆRid
bˆ
Rj)(u
cˆ
LνLk)
}
, (A.2.11)
C˜LL(udul)
ik = C˜LL(udul)
ik
G˜
+ C˜LL(udul)
ik
χ± + C˜LL(udul)
ik
χ0 , (A.2.12a)
C˜LL(udul)
ik
G˜
=
4
3
g23
M
G˜
C(u˜d˜ulL)
MN1k
(
Γ
(u)
GL
)1
M
(
Γ
(d)
GL
)i
N
H(uG˜M , x
G˜
N ) , (A.2.12b)
C˜LL(udul)
ik
χ± =
g22
MαC
[
−C(u˜d˜ulL)MN1k
(
Γ
(u)
CL
)α1
N
(
Γ
(d)
CL
)αi
M
H(xαM , u
α
N)
+C(d˜ν˜udL)
Nm1i
(
Γ
(u)
CL
)α1
N
(
Γ
(l)
CL
)αk
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Here, C˜
(6)
RL,LR are contributions from dimension six operators, whose magnitudes are
quite small compared to the dimension five contributions for B → Mν decay modes
(B = p or n, M = K, π or η). Notice that C(u˜u˜dlL,R) and C(d˜l˜uuL,R) in (A.2.8) do
not contribute to the nucleon decay amplitude. The function H is defined as
H(x, y) =
1
x− y
(
x log x
x− 1 −
y log y
y − 1
)
, (A.2.19)
and the arguments of H are ratios of SUSY particles’ masses (squared):
xG˜M =
m2
d˜M
M2
G˜
, uG˜M =
m2
u˜M
M2
G˜
, (A.2.20a)
xαM =
m2
u˜M
Mα2C
, uαM =
m2
d˜M
Mα2C
, zαm =
m2
ν˜m
Mα2C
, wαM =
m2
l˜M
Mα2C
, (A.2.20b)
vαM =
m2
u˜M
Mα2N
, yαM =
m2
d˜M
Mα2N
, zαM =
m2
l˜M
Mα2N
, wαm =
m2
ν˜m
Mα2N
. (A.2.20c)
A.2.3 Nucleon partial decay widths
The effective quark Lagrangian (A.2.11) is converted to an effective hadronic La-
grangian with use of the chiral Lagrangian technique (perturbative QCD corrections
23
between the electroweak scale and ∼ 1 GeV scale are also taken into account), then
partial decay widths of the nucleon are calculated as
Γ(Bi →Mjlk) = mi
32π
(
1− m
2
j
m2i
)2
1
f 2pi
(∣∣∣AijkL ∣∣∣2 + ∣∣∣AijkR ∣∣∣2) , (A.2.21)
where the lepton mass is neglected only for the kinematics. The expressions for AijkL,R
are listed in Table 1.
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Figure 1: Higgsino dressing diagram which gives a dominant contribution to the
p → K+ντ mode. The circle represents the RRRR dimension 5 operator. We also
have a similar diagram for (uRsR)(dLντL).
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Figure 2: Decay rates Γ(p → K+νi) (i = e, µ and τ) as functions of the phase φ23
for tanβ = 2.5. The other phase φ13 is fixed at 210
◦. The CKM phase is taken
as δ13 = 90
◦. We fix the soft SUSY breaking parameters as m0 = 1TeV, MgX =
125GeV and AX = 0. The sign of the supersymmetric Higgsino mass µ is taken to
be positive. The colored Higgs mass MC and the heavy gauge boson mass MV are
assumed as MC = MV = 2× 1016GeV. The horizontal lower line corresponds to the
Super-Kamiokande limit τ(p → K+ν) > 5.5 × 1032 years, and the horizontal upper
line corresponds to the Kamiokande limit τ(p→ K+ν) > 1.0× 1032 years.
28
050
100
150
200
250
300
350
0 50 100 150 200 250 300 350
0.1
0.2
0.3
φ 2
3 
 
[ d
eg
ree
 ]
φ13  [ degree ]
τ( p → K+ ν )  [ 1032 yr ]
tan β = 2.5
_
MC = 2 × 10
16
 GeV
m0 = 1000 GeV
MgX = 125 GeV
AX = 0
µ > 0
Figure 3: Contour plot for the partial lifetime τ(p→ K+ν) in the φ13-φ23 plane. The
contributions of three modes K+νe, K
+νµ and K
+ντ are included. We use the same
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Figure 4: Lower bound on the colored Higgs mass MC as a function of the left-
handed scalar up-quark mass mu˜L . The soft breaking parameters m0, MgX and AX
are scanned within the range of 0 < m0 < 3TeV, 0 < MgX < 1TeV and−5 < AX < 5,
and tanβ is fixed at 2.5. Both signs of µ are considered. The whole parameter region
of the two phases φ13 and φ23 is examined. The solid curve represents the bound
derived from the Super-Kamiokande limit τ(p → K+ν) > 5.5 × 1032 years, and the
dashed curve represents the corresponding result without the RRRR effect. Left-
hand side of the vertical dotted line is excluded by other experimental constraints.
The dash-dotted curve represents the bound derived from the Kamiokande limit on
the neutron partial lifetime τ(n→ K0ν) > 0.86× 1032 years.
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Table 1: AijkL,R in (A.2.21) for each nucleon decay mode. mN is the nucleon mass
mN ≈ mp ≈ mn and mB′ is an averaged baryon mass mB′ ≈ mΣ ≈ mΛ. F ≈ 0.48
and D ≈ 0.76 are coupling constants for the interaction between baryons and mesons
[14, 18].
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